Composite laminates can exhibit the nonlinear properties due to the fiber/matrix interface debonding and matrix plastic deformation. In this paper, by incorporating the interface stress-displacement relations between fibers and matrix, as well as the viscoplastic constitutive model for describing plastic behaviors of matrix materials, a micromechanical model is used to investigate the failure strength of the composites with imperfect interface bonding. Meanwhile, the classic laminate theory, which provides the relation between micro-and macroscale responses for composite laminates, is employed. Theory results show good consistency with the experimental data under unidirectional tensile conditions at both 23 ∘ C and 650 ∘ C. On this basis, the interface debonding influences on the failure strength of the [0/90] s and [0/±45/90] s composite laminates are studied. The numerical results show that all of the unidirectional (UD) laminates with imperfect interface bonding provide a sharp decrease in failure strength in the -plane at 23 ∘ C. However, the decreasing is restricted in some specific region. In addition, for [0/90] and [0/±45/90] composite laminates, the debonding interface influences on the failure envelope can be ignored when the working temperature is increased to 650 ∘ C.
Introduction
For improving material properties and satisfying special functional requirements, composites become one of the most important materials nowadays and are widely used in aerospace, energy sources, and so forth [1] [2] [3] [4] . Due to their unique constructions and special designs, composites show obvious macroscopic and microscopic characteristics. In other words, the failures of composite structures are related to macroscopic and microscopic stress field. Therefore, it is important for researchers to investigate the microscopic structure feature influence on the macroscopic mechanical properties of composites. At present, both analytical method and finite element method are used to predict the nonlinear stress-strain responses of metal-matrix and polymer-matrix composites. However, most of the traditional analytical methods always rely on various experience parameters. It is difficult for the method to calculate microscopic stressstrain field with a high accuracy. For the finite element method, poor calculation efficiency, difficult modifying for the structure model, results in a poor application in studying microstructure variation effects on the macroscopic mechanical responses.
Due to its flexible structural framework and high calculation efficiency, the generalized method of cells (GMC) based on the uniform axial deformation constraint condition and interface displacement continuous conditions, which was proposed by Aboudi, has been widely used in studying elastoplastic [5] [6] [7] and failure problems [8] . Coupled with the GMC and classical lamination theory, the failure envelopes of the polymer-matrix composites were studied by Tang and Zhang [8] . For laminates, it can be concluded that all matrix failure criteria produce similar results. Based on the GMC and laminate analogy approach, Sun et al. [9] predicted the elastic properties of short sisal fiber reinforced polypropylene composites. The results show that the fiber volume fraction has very small effects on the transverse Young's modulus, axial shear modulus, and axial Poisson's ratio. It is no doubt that the micromechanical problems can be easily solved by using GMC model. However, uncoupled subcell normal stress and shear stress lead to the poor calculation accuracy for GMC model. By employing the higher-order displacement expansion, the high-fidelity generalized method of cells (HFGMC) was proposed for solving microscopic stressstrain field with a higher accuracy [10, 11] . By using the HFGMC theory, Aboudi and Ryvkin [11] studied the progressive damage effects on the behavior of elastic composites. HajAli and Aboudi [12] proposed a new parametric formulation for the HFGMC theory. The numerical results of spatial stress fields for circular and elliptical fibers show good consistency with analytical and numerical solutions.
In the preparation of composite materials, the interface phases between inclusions and matrix will be produced. As a kind of connecting bridge, the interphase plays a critical role in the mechanical properties of composites [13, 14] . At present, some representative interface theories, such as chemical bond theory, transition layer theory, and weak boundary layer theory, are used to describe the interface influences on the mechanical responses of composites [15, 16] . Similarly, the interface debonding model, which is one of the weak boundary layer theories, has been implemented into the GMC or HFGMC theory for investigating interface failure problem. Once a critical debonding stress has been exceeded, the displacement discontinuity between fibers and matrix is considered. On this basis, Arnold et al. [17] studied the tensile response of composites with imperfect interfacial bonding. By implementing into the evolving compliant interface (ECI) model, Chen et al. [18] developed the GMC to predict the mechanical behaviors of unidirectional metal matrix composites with imperfect interface bonding. The results showed that the theoretical prediction exhibits good agreement with experimental results only when both imperfect interface bonding between fibers and matrix and thermal residual stresses in subcells are taken into consideration. Via fiber of appropriate constitutive relation for fiber/matrix debonding, both the GMC and HFGMC have been applied by Bednarcyk et al. [19] to investigate the transverse deformations of the fiber-reinforced composites. The results indicated that the HFGMC shows a higher accuracy than the GMC for perfecting the transverse response of composites with imperfect interface bonding. However, in spite of HFGMC effectiveness in the mechanical responses and other applications, it has not been applied for composite laminates with imperfect interface bonding. Considering its ability in investigating nonlinear failure problems, the HFGMC is used to study the interface debonding influence on composite laminates by combining with the classical laminate theory.
Modeling Framework of Fiber-Reinforced Composites with Imperfect Interface Bonding
By establishing the quantitative relation between microscopic constituent properties and macroscopic material properties, the micromechanical methods can be effectively used to investigate the failure mechanisms and mechanical properties of composites. For calculating microscopic stress components with a higher solution precision, the HFGMC was proposed by introducing a higher order displacement component in subcells. For the fiber-reinforced composite laminates as shown in Figure 1 (a), a proper unit (Figure 1(b) ) is selected and the unit is defined as a representative volume element (RVE). The local constitutive relation between the subcell stress components ( ) and the subcell elastic stiffness matrix C ( ) can be written as follows:
where the superscripts and indicate the corresponding subcells. The strain components ( ) indicate the subcell thermal strains. The strain components ( ) are subcell strains. It should be noted that the subcell strain components ( ) contain the elastic and inelastic strain components. Moreover, the inelastic strain component can be described by using the unified constitutive theory.
For the continuous fiber-reinforced composites, the subcell displacement field functioñ( , ) with higher order components in the HFGMC, as well as the subcell average stress variations ( ) ( ) , can be written as follows [19, 20] :
( )
where the parameters ℎ and are the subcell height and length, respectively. The strain components indicate the average macroscopic strain. The displacement components The displace field function of composites with perfect interfacial bonding can be acquired by employing (1)-(3). According to the displace and stress boundary conditions in the local coordinate system, combining with the subcell displacement field functioñ( , ) , the subcell average stress variations ( ) ( ) in the 2 and 3 directions can be acquired as follows:
According to [19] , with consideration of the interfacial bonding influences on continuous fiber-reinforced composites, the stress relation between the neighboring subcells along with 2 directions can be written as
where the superscript indicates the interphase between the neighboring subcells. The parameter 2 indicates the interface displacement components along with 2 directions.
Similarly, the stress relation between the neighboring subcells along with 3 directions for composites with the interfacial debonding can be written as
The parameter [ 3 ] is interface displacement components along with 3 directions. Here, the interface displacement components can be written as follows [21] :
where the parameters ( ) and ( ) indicate the interface displacement debonding coefficients and the interface stress components between fiber and matrix, respectively. It should be noted that the variations ( ) and ( ) are both timedependent variations. By combining (2) with (3), the average sense results in (7)- (8) can be written as
− (
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By combining (4)- (5) with (9), the subcell average stress components ( ) ( ) can be calculated. Furthermore, the nonlinear stress-strain behaviors of composites with imperfect interface bonding can be acquired through implementing subcell average stress components into (1) . According to the homogenization theory, the macroscopic stress components of the composite can be obtained as follows:
The thermal residual stress is defined as the mismatch stress between fibers and matrix due to the temperature variation from the manufacturing temperature to the room temperature. According to the orthogonalization characteristics of Legendre polynomial in [20] , the subcell strain components ( ) can be expressed with the macroscopic average strain components. It should be noted that there is no mechanical loading applied during cooling. In other words, the macroscopic stress components should be equal to zero. From (10) , it can be found the thermal residual stress components in the RVE can be acquired once the macroscopic average strain components are confirmed.
Unidirectional Tensile Response of Composite Laminates

The Relation between Internal Force and Strain of Composite Laminates.
In the design process of composite products, a unidirectional (UD) laminate is always economically unreasonable due to its especial engineering requirements or complex load environments. Typical composite structures in engineering field are multidirectional layer composite materials, such as composite laminates. According to their designable and strength requirement, the composite laminates can be manufactured by a series of unidirectional laminates with different layer orientations. Furthermore, the mechanical properties can be further improved by using optimization algorithm. The stress-stain relation of composite laminates can be written as follows [22] :
where A and D are the in-plane stiffenss matrix and bending stiffness matrix, respectively. The matrix B is the coupling stiffness matrix, which refers to the in-plane strain and internal bending force. The vectors N and M indicate the internal force components and internal moment components, respectively. The vectors and k are referred to as strain components.
Model Validation.
In this study, the composites system include SCS-6 fiber and titanium matrix alloy (Timetal 21S) matrix. The fiber volume fraction is 33%. The fiber and matrix are assumed to be strain free at 850 ∘ C. The thermal residual stresses in the RVE are generated when the manufacturing temperature cools down to room temperature at 20 ∘ C. The fibers are assumed to be of linear elasticity until they reach to the ultimate strength. While the Timetal 21S matrix, which is described by a generalized viscoplasticity with potential structure (GVIPS), is considered to be elastoplastic material, the relationship between the inelastic strain ratėand the deviatoric stress components in the GVIPS can be written as follows [23] :
The differential equation of the components Λ with respect to time can be expressed as follows:
where the material parameters , , , , , , , 1 are acquired by experimental method. The material parameters of SCS-6/Timetal 21S are shown in Table 1 . From Table 1 , it can be easily found that the failure strength of the fiber and matrix are both temperaturedependent variations. To offer evidence for the predictive capabilities of the modeling framework, the macroscopic stress-strain responses of cross-ply symmetric laminates ([0/90] s ) are displayed as shown in Figure 2 . In Figure 2 , the thermal residual stresses in subcells and the thermal variation are both considered. However, the failure problems in subcells are not considered. For comparisons, the experimental data acquired by Cervay [24] are also shown in the corresponding figures. Obviously, the theoretical predictions and experimental data at both 23 ∘ C and 650 ∘ C offer a certain evidence for the feasibility of using the modeling framework to analyze the failure strength of the composite laminates. In addition, by comparing Figure 2 (a) with Figure 2(b) , it can be easily found that the stress-strain curves of composites are temperature dependent for composite laminates due to their property differences in constituent materials at different working temperatures.
Failure Envelope Investigation of Composite Laminates
According to the actual engineering demanding, the mechanical properties of composite structures can be improved through optimizing stacking sequences. However, due to the long experimental period and high cost, the experimental method can hardly be used to acquire the failure strength of composite laminates. Here, the failure envelopes of [0/90] s and [0/±45/90] s composite laminates with imperfect interface bonding are studied. The material parameters of SCS-6/Timetal 21S can be seen in Table 1 . In the composite laminates, the microscopic stress and strain fields for each of the UD laminate can be acquired by using the HFGMC theory at the integration point along thickness direction as shown in Figure 1(a) . Once the microscopic stress or strain distributions are acquired, the Tsai-Hill failure criterion can be employed to investigate the failure strength of composite laminates. Here, the subcell stiffness is zero when the subcell stress reaches to the failure strength. In addition, it should be noted that the failure strength of composite laminates is defined as the complete failure for all subcells in the RVE along with the thickness direction as shown in Figure 1(a) .
The Failure Envelope Predictions of [0/90] s Composite
Laminates. There is no doubt that the failure strength of composites is closely related to the interfacial properties between fibers and matrix. For the composite laminates, a different arrangement of the UD laminate (as shown in Figure 1 (a)) with imperfect interface bonding between fibers and matrix may lead to the variation of failure strength. In order to investigate the most unfavorable conditions, all of the UD laminates with imperfect interface bonding are investigated. Working temperatures, namely, 23 ∘ C and 650 ∘ C, are both considered in the examples. The numerical results are also shown in Figures 3 and 4 , respectively. correspond to the horizontal and vertical axes of Figures 3 and 4 can be found in Table 2 . In a word, compared with no debonding interfaces of composite laminates, all of the UD laminates with debonding interfaces show distinct decreasing in failure strength. Meanwhile, the failure strength of SCS-6/Timetal 21S composites is also temperature dependent. From Figure 3(a) , it can be concluded that the failure strength differences between the no-debonding interface and all of the UD laminates with debonding interfaces can only be found in the first, second, and fourth quadrants. However, for compression-compression loading in the third quadrant, the decrease of failure strength can hardly be found in the -stress plane. Moreover, the maximum differences are presented in the -and -directional tensile loadings. For the -and -directional tensile loadings, the no-debonding interface provides a 29% and 33.5% increase relative to that of all of the UD laminates with debonding interfaces, respectively. Figure 3(b) shows the failure envelopes in the -stress plane. Comparing Figure 3 (a) with Figure 3(b) , the failure envelope shape shows distinct difference. Moreover, the pure shear loading provides the maximum difference for failure strength between no debonding interfaces and all of the UD laminates with debonding interfaces in the -stress plane. ∘ C. Compared with the failure envelope at 23 ∘ C, it can be clearly seen that the interface debonding influences on failure envelope are relatively small. The relative error of maximum difference value in the -stress plane and -stress plane is less than 10%. That is, the interface debonding influences on the failure strength of [0/90] s composite laminates can be ignored in the -and -stress planes when the working temperature is increased to 650 ∘ C.
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The Failure Envelope Predictions of [0/±45/90] s Composite
Laminates. As one of the most typical layer structures, the failure analysis of [0/±45/90] s composite laminates is also investigated. For the composite structures with imperfect interface bonding in a specific unidirectional composite laminate, it is hardly for researchers to study the imperfect interface influences on failure envelopes. Therefore, a UD laminate with imperfect interface bonding is designed in different layers. The definition of layer sequence is as shown in Figure 1 . Clearly, the top of the layer is defined as the first UD laminate. Due to its symmetrical features, the failure envelopes of the first, second, and third UD laminate with imperfect interface bonding are discussed. For comparisons, all of the UD laminates with debonding interfaces are also discussed as shown in the corresponding figures. Moreover, the working temperature variations influences on the failure strength are also investigated in the -and -stress planes. Figures 5 and 6 show the debonding interface influences on the failure envelopes of composite laminates at 23 ∘ C, 650 ∘ C, respectively. For all of the UD laminates with debonding interfaces, the failure envelopes that intersect the horizontal and vertical axes of Tables 3 and 4 , respectively. The subscripts 1, 2, and 3 in Figures 5 and 6 indicate the first, second, and third UD laminate with imperfect interface bonding. Figure 5 presents the interface debonding influences on the failure strength of the composite laminates at 23
∘ C. Table 3 shows the failure stresses that correspond to the horizontal and vertical axes at 23 ∘ C. As can be seen in Figures  5(a)-5(b) , the imperfect interface bonding influences on failure envelopes show substantial difference in the -and -stress planes. Some specific UD laminate with imperfect interface bonding provides the higher resistant failure ability than all of the UD laminates with imperfect interface bonding. In addition, the failure envelopes in the four different bonding conditions present small overlap regions between two characteristic points E and F in the -stress plane as shown in Figure 5 (a). The overlap region is defined as region I. For four different interface bonding conditions, the failure strength in region I shows good consistency. However, compared with some specific UD laminate with imperfect interface bonding, the failure strength tends to decrease sharply when all of the UD laminates with imperfect interface bonding are considered outside the region I. Moreover, the failure envelope differences among different UD laminates with imperfect interface bonding can be clearly distinguished. For the -directional tensile and compressive loadings, as well as the -directional tensile and compressive loadings, it can be seen from Table 3 that the first UD laminate with imperfect interface bonding provides the highest failure strength. From Figure 5(b) , it is clearly seen that there is no overlap region in the -stress plane. All of the UD laminates with imperfect interface bonding provide the lowest failure strength. Meanwhile, the second layer UD laminate with imperfect interface bonding provides the highest pure shear failure strength. Figure 6 shows the imperfect interface bonding influences on failure strength of composite laminates when the working temperature is increased to 650
∘ C. Table 4 shows the failure stresses that correspond to the horizontal and vertical axes at 650 ∘ C. By comparing Figure 5 , the working temperature effects on the failure strength show a great difference. For the -stress loading as shown in Figure 6 (a), the failure strength in four different interface bonding conditions shows good consistency in the third quadrant. It means that the interface bonding modes can be ignored in the compressioncompression loading. However, only a little difference can be found in the second quadrant. In the -directional tensile loading, the failure strength tends to be consistency for the first, second, and third UD laminates with imperfect interface bonding as shown in Table 4 . In the -stress plane as shown in Figure 6 (b), the failure envelopes present axisymmetric characteristics. And two characteristic points are defined as G and H. On the left side of the line C-D is defined as region I, and the other region is defined as region II. For the four different debonding modes, it is hardly to discern the interface debonding influences on failure envelopes of composite laminates in region I. In addition, it should be noted that the imperfect interface bonding influences on failure envelopes can be ignored in the pure shear loading.
Conclusions
In this paper, a micromechanical model is used to investigate the interface debonding influences on failure envelopes of typical composite structures. The classic laminate theory and the GVIPS viscoplastic model are both introduced for describing the nonlinear behaviors of the composite laminates. In addition, the evolving debonding model is presented to study the interface debonding influences on [0//90] s and [0/±45/90] s composites laminates with imperfect interface bonding. The failure envelopes are both considered at 23 ∘ C and 650 ∘ C. Based on investigations, the following conclusions can be drawn.
(1) The failure envelopes of SCS-6/Timetal 21S composites are temperature dependent.
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(2) For [0/90] s composite laminates in the -stress plane, the failure strength between no-debonding interface and all of the UD laminates with debonding interfaces tend to be consistent in compressioncompression loading when the working temperature is 23 ∘ C. Moreover, the interface debonding influences on failure strength can be ignored in both -and -stress planes when the temperature working is increased to 650 ∘ C.
(3) Some specific UD laminate with imperfect interface bonding provides a higher resistant failure ability than all of the UD laminates with imperfect interface bonding in the -stress plane and -stress plane.
(4) For [0/±45/90] s composite laminates, the interfacial bonding modes can be ignored in the compressioncompression loading when the working temperature is increased to 650 ∘ C.
